Interocean waters that are carried northward through South Atlantic surface boundary currents get meridionally split between two large-scale systems when meeting the South American coast at the western subtropical portion of the basin. This distribution of the zonal flow along the coast is investigated during the Last Millennium, when natural forcing was key to establish climate variability. Of particular interest are the changes between the contrasting periods of the Medieval Climate Anomaly (MCA) and the Little Ice Age (LIA). The investigation is conducted with the simulation results from the Community Earth System Model Last Millennium Ensemble (CESM-LME). It is found that the subtropical South Atlantic circulation pattern differs substantially between these natural climatic extremes, especially at the northern boundary of the subtropical gyre, where the westward-flowing southern branch of the South Equatorial Current (sSEC) bifurcates off the South American coast, originating the equatorward-flowing North Brazil Undercurrent (NBUC) and the poleward Brazil Current (BC). It is shown that during the MCA, a weaker anti-cyclonic subtropical gyre circulation took place (inferred from decreased southern sSEC and BC transports), while the equatorward transport of the Meridional Overturning Circulation return flow was increased (intensified northern sSEC and NBUC). The opposite scenario occurs during the LIA: a more vigorous subtropical gyre circulation with decreased northward transport.
Introduction
The South Atlantic Ocean (SAO) is unique in its establishment of teleconnections between the adjacent ocean basins and as a critical crossroads for the global Meridional Overturning Circulation (MOC) (e.g., [1] ). A mixture of Pacific and Indian Ocean contributions is received at the southern opposing corners of the SAO basin, through the Drake Passage (the cold-water route, [2] ) and the Agulhas Leakage (the so-called warm-water route, [3] ). These are blended together and incorporated within the large-scale South Atlantic Subtropical Gyre (SASG) circulation to then continue to the northward flowing upper-limb of the MOC.
More specifically, waters from the cold-water route at the southwestern corner follow the South Atlantic Current (SAC) path to the east where they meet the warm-water route at the southern tip of Africa. From thereon, these interocean waters begin their course of northward advection, carried
A Note on MCA and LIA Conventions and Origins
One should keep in mind that "MCA and LIA" are regarded as the outstanding extremes of a simplistic picture of past global-scale climate variability [20] . There is no consensus of globally-/hemispherically-synchronous MCA and LIA periods [19, 21, 22] , since specific timing of peak warm/cold intervals varies regionally [23] . Considering MCA/LIA spatio-temporal heterogeneity, it is recommended that the general use of such terms is complemented with specific calendar dates, as we have adopted those of Mann et al. [19] .
When addressing possible causes of these major LM surface temperature anomalies, reconstructions show that the MCA and LIA are both distinct with regard to estimated external radiative forcing of the climate [20, 24] . Nevertheless, studies have increasingly pointed to a combination of changes in external forcings with an important role played by internal climate variability [22, [25] [26] [27] [28] [29] [30] [31] .
The MCA pattern is based on a smaller number of predictors compared to the LIA pattern [19] . Still, there is indeed evidence of medieval warmth [32] , although it is not geographically uniform when compared to the recent warming [22] . Besides relating to weaker volcanic eruptions and higher solar activity [33] , the MCA-warmth is unlikely to have arisen as a response to external forcing alone. Past studies suggest that solar irradiance changes might have been amplified by internal Earth system feedbacks [22, [34] [35] [36] .
The LIA origins are also associated with external forcings including changes in orbital parameters and weaker solar activity, in turn [21, 37] , but more directly to consecutive pulses of volcanism [38] , which also might have ended up driving internal climate feedbacks [39] . Proxies and climate modeling efforts estimate that the MCA-LIA difference in global mean surface temperatures was close to 0.24 • C [19] .
The histories of external forcings are not known precisely for the LM, as expected, but they must be imperfectly reconstructed from proxy information sources [20] . That said, there are substantial uncertainties in these reconstructed forcing factors, associated with dating, calibration and specific spatial patterns that are provided for the forcings when these are assimilated into global climate models. These need to be accounted for when interpreting any records and/or model-derived simulations in climate change attribution studies [40, 41] .
For the North Atlantic Ocean, it has been suggested from proxy evidence the occurrence of an enhanced AMOC during the MCA [42] , followed by a weakened AMOC along the MCA/LIA transition [43] . Furthermore, using oxygen isotopes and Mg/Ca in fossil shells of planktonic foraminifera from high-resolution sediment cores, Lund et al. [44] showed a weaker Gulf Stream transport through the Florida Strait during the LIA. Nevertheless, for the upstream flow of the northward upper limb of the AMOC, there is little or no information on its variations during the LM.
In fact, there is little evidence from proxy data of South Atlantic circulation and dynamics, during either the MCA or the LIA. This can be noted, for instance, when observing the spatial distribution of surface temperature data over the SAO in Mann et al. [19] or Neukom et al. [45] . Furthermore, Graham et al. [32] discussed available proxy data for the MCA-LIA period and mentioned a range of studies that showed changes relative to the MCA and LIA for several regions, but not the SAO. Therefore, the behavior of the SAO circulation for the MCA-LIA period is largely unknown. To compensate for this, fully-coupled circulation models allow more detailed examinations of the spatial and temporal variations during the LM in comparison to the proxy data [46] .
This study describes the western SAO surface boundary current system response to the naturally-forced events of the MCA and LIA. To do so, simulation results from the Community Earth System Model Last Millennium Ensemble (CESM-LME) experiment are examined [41] . We focus on the north-south distribution of the westward flow towards the SA coast, which is fed by the BeC at the eastern boundary of the subtropical gyre. As these waters turn westward, they are broadly spread across the basin and bifurcate. The sSEC bifurcation region marks the point from where interocean waters get divided between two important large-scale features: the SASG and the upper limb of the AMOC.
The divergence of the sSEC and resulting SASG/AMOC split of interocean waters are the primary motivation of this study. The ultimate goal is to evaluate and characterize the South Atlantic WBC system response to anomalously warm and cold periods of the LM: the MCA and LIA. Given that the WBC system in the SAO encompasses the SASG, as well as the AMOC, better understanding of the north-south distribution of the sSEC flow can give us insights into the dynamics of both of these circulation regimes. Moreover, the climate variability over the LM provides the essential context for assessing future changes [21] .
This work is organized as follows. Section 2 provides a brief description of the model data used and methods. Section 3 presents the model simulation results regarding the MCA/LIA anomalous fields of the sea surface temperature (SST), horizontal velocities (UVEL, VVEL), and wind stress curl (WSC). The SST anomalies clearly characterize the contrasting conditions of the MCA and LIA periods (Section 3.1); the horizontal velocities (Section 3.2) are first described in terms of the mean circulation field (Section 3.2.1), then analyzed with regard to the MCA/LIA anomalous flows (Section 3.2.2); and the WSC anomalies emphasize the observed changes in the circulation pattern (Section 3.3). Section 4 summarizes and discusses the results and conclusions. Finally, a list of major acronyms is also included at the end of Section 4.
Data and Methods
The CESM-LME experiment included a set of simulations forced with reconstructions for the transient evolution of solar intensity, volcanic emissions, greenhouse gases, aerosols, land use/land cover, and orbital parameters, both together and individually, for the period of 850-2006. Output from the ensemble members are available through the Earth System Grid (http://www.earthsystemgrid.org) as single-variable time series.
This study examined the ensemble-mean of 10 members with the full-set of external forcings to investigate the period of 850-1849. Monthly outputs were used.
The forcings were applied identically across ensemble members. The only difference among these experiments was the application of a random round-off difference in the air temperature field that initialized each experiment, which would eventually result in ensemble spread. For more details, the reader is referred to the overview paper of the Last Millennium Ensemble Project (Otto-Bliesner et al. [41] ).
The CESM-LME used a 2-degree nominal resolution in the atmosphere and land components and a 1-degree nominal resolution in the ocean and sea ice components. The CESM 1.1 version used in this experiment was fully documented in [47] . Details on the ocean model, which has 60 vertical levels, were described in [48] .
Results from the CESM-LME were recently employed in a wide range of climate variability studies [49] [50] [51] [52] [53] [54] [55] [56] , which extensively tested the model results against other Earth System Models of the CMIP5 [57] and also showed that the full-forcing realizations reproduced major modes of observed internal climate variability [46, [58] [59] [60] . Figure S2 , Table S1 and Table S2 in the Supplementary Material file show a comparison previously made between the CESM-LME, the ocean component of the CESM (the Parallel Ocean Program Version 2), and five ocean reanalysis products for mean SBL values.
Here, LM-mean defines the mean 850-1849 millennia period, and the 300-year MCA-mean and LIA-mean refer to the mean 950-1249 and 1400-1699 periods, respectively. The MCA-anomalies and LIA-anomalies were defined with respect to the whole LM period.
To explore variations in the wind-driven, upper ocean circulation associated with the SASG and the upper-limb return flow of the AMOC, depth integrated horizontal velocities above 200 m were used. This layer better reflects the variability of the WSC field and SSTs, also analyzed here. The large-scale WSC is considered a major forcing mechanism of the upper ocean [61] , while SSTs strongly affect ocean-atmosphere coupling and therefore respond to the mean upper ocean circulation. Extending our analyses to deeper layers did not change our conclusions significantly.
Results

Sea Surface Temperature Field
The MCA and LIA SST anomalies are shown in Figure 1a ,b, respectively. As indicated by the dashed contours, the LM-mean SST field was characterized by warmer waters at the tropical region, decreasing nearly exponentially towards higher latitudes, as expected. The MCA-mean SST for the region of study was 14.36 • C, while the LIA-mean SST was 14.25 • C, yielding a MCA-LIA SST difference of ∼0.11 • C.
The MCA and LIA anomalous SST fields presented in Figure 1 had a similar spatial distribution, which were opposite in sign. However, the MCA-warming reached a greater amplitude (maximum of +0.17 • C at 57 • W, 44 • S) than the LIA-cooling (maximum cooling of −0.08 • C at 22 • W, 45 • S) for this region. The most remarkable differences were concentrated at the southern limits of the domain, where the maximum MCA-warming lied south of the mean-location of the Brazil-Malvinas Confluence (BMC), and the maximum LIA-cooling was located further east, towards the middle of the basin, where there is a region of amplified cooling spreading zonally and northwestwardly.
The spatial pattern of the SST anomalies in Figure 1a ,b imply that, during the MCA, a region of higher SST anomalies occurred starting at the southeastern interior basin, between 10 • W and 10 • E, crossing the subtropical SAO, and extending toward the SA coast within the 10 • -20 • S latitudinal band. These hook-like anomalies characterize the BeC-sSEC path, covering the eastern and northern boundaries of the subtropical gyre. For the LIA period, this same hook-like anomalous feature did not evolve past the eastern portion of the basin, indicating that the cooling remained more confined to the subtropical region, instead of extending up to the western boundary and the equatorial region, compared to the MCA anomalous pattern. The BC region south of ∼25 • S has higher-amplitude anomalies than in the MCA picture (which actually has its lower-amplitude fish-like blob of anomalies centered at this region). This points to more anomalies being advected south during the LIA and to the north during the MCA. In fact, anomalous signals lying at the southern boundary of the subtropical gyre tend to follow its anti-cyclonic circulation, being transported northwestward toward the SA coast and then distributed between the northern and southern circulation regimes. The observed MCA/LIA anomalous SST pattern suggests that the course of the northward advection started by the BeC at the southeastern SAO corner joined primarily the northward AMOC upper limb during the MCA, while during the LIA, it contributed mostly to the SASG, by bending southward after the bifurcation.
Our results presented virtually mirrored MCA/LIA SST anomalies, based on their similar spatial distribution, which was opposite in sign. These allowed us to assess the SA circulation system response to past extreme warm/cold climatic conditions, regardless of their distinct causes when compared to modern climate change (as discussed in Section 1).
Horizontal Velocity Field and Volume Transports
LM-Mean Circulation Field
The mean SAO upper 200-m circulation field within the region of study was well reproduced by the simulation results of the CESM-LME, according to existing literature [10, [62] [63] [64] [65] (Figure S1 ).
Background shading in Figure 2a represents the LM-mean meridional velocity field. To the east of the domain, it depicts the overall southward (blue) and northward (red) interior flows. These mark the division between the complex equatorial current system to the north (blue) and the anticyclonic subtropical circulation to the south (red). To the west of the domain, the narrow path of the opposing WBCs along the South American coast is clear. The superposed vectors indicate the LM-mean horizontal velocities (meridional, as well as zonal velocities). The black contour is the zero meridional velocity line, and the black dot represents the LM-mean SBL at the surface (25 m), as the point where the meridional velocity averaged within a 4 • longitude band off the SA coast is zero.
The LM-mean zonal velocity for this region (Figure 2b ) reveals a predominantly westward flow across the interior basin (blue) towards the western boundary, with the exception of a narrow eastward band close to the equator (red, north of ∼3 • -4 • S) which represents the Equatorial Undercurrent (EUC). The zonal upper 200-m currents are identified according to the schematic representation from Stramma and England [10] ( Figure S1 ). Before it crosses the basin toward the SA coast, the sSEC supplies the eastward flow of the South Equatorial Countercurrent (SECC), which partially recirculates in the central branch of the South Equatorial Current (cSEC). The cSEC partially feeds the South Equatorial Undercurrent (SEUC) to the east, which heads toward the northern limit of the cyclonic Angola Gyre, further east of the domain (not shown). The cSEC then flows across the basin and provides a contribution to the western boundary. North of that is the southwestern flowing equatorial branch of the South Equatorial Current (eSEC), which branches out of the eastward flowing Equatorial Undercurrent (EUC) at the northern limit of the domain. Eastward and westward velocities along the coastline represent the spread of the WBCs formed north and south of the mean sSEC. The sSEC is the southernmost westward-flowing branch across the SAO that represents the extension of the BeC and the northern boundary of the SASG [62] [63] [64] . It was described by Molinari [65] as the flow south of the SECC and by Stramma [63] as the flow between 10 • -25 • S, east of 30 • W. This is the branch in which we were interested.
Because the Coriolis force acts favoring the western intensification in subtropical gyre dynamics [66] , eastern boundary currents such as the BeC are portrayed as broad and diffuse flows. As a consequence, the resulting gyre's shape in the x-y plane can be roughly described by a "D-like" format, rather than circular. Thus, the BeC gradually turns northwestward into the sSEC, by following the counter-clockwise SASG circulation. The sSEC in turn crosses the basin and bifurcates as it approaches the SA coast. The sSEC bifurcation region is the latitudinal band where both WBCs begin to form and diverge. This is nearly between 10 • -20 • S, around the region of zero meridional velocity (black contour marking the transition between red and blue background interiors in Figure 2a ). Part of the sSEC inflow supplies the eastward flow of the SECC east of 30 • W, while most of the sSEC inflow contributes to the NBUC, and only the southern part of the sSEC turns south into the BC [64] . 50 
MCA and LIA Anomalous Circulation Field
To explore the changes in the western SAO circulation field between the MCA and LIA, we analyzed each of their anomalous horizontal flow fields relative to the whole LM integration (850-1849). Background colors in Figure 3 display the meridional velocity (VVEL, Figure 3a ,c) and zonal velocity (UVEL, Figure 3b ,d) anomalies for the MCA (Figures 3a,b ) and LIA (Figures 3c,d) . As in Figure 2a , the superposed vectors over the meridional velocities in Figure 3a (Figure 3c ) are the MCA (LIA) anomalous horizontal velocities, highlighting the western boundary anomalies.
Results show clear opposing MCA/LIA anomalous circulation patterns: the MCA was characterized by overall positive VVEL anomalies off the western boundary (Figure 3a) , indicating an intensification of the northward NBUC and weakening of the southward BC; while the LIA was subject to overall negative anomalous flows along the coast (Figure 3c ) pointing to an NBUC weakening and BC intensification. This means that the inflow carried by the BeC-sSEC system was being directed mostly northward during the MCA and southward during the LIA.
During the MCA, the increase (decrease) in the NBUC (BC) transport caused the SBL to occur slightly in southerly positions (with an MCA-mean SBL of 17.14 • S at 25 m (dark dot in Figure 3a) ). On the other hand, the opposite is observed in Figure 3c (with a LIA-mean SBL of 17.00 • S at 25 m).
The difference between the MCA-mean and the LIA-mean SBL position is therefore of 0.14 • latitude. It is a small difference compared to the model resolution (1 • × 1 • ); nevertheless, considering that the low-passed SBL time series for the 850-1849 total period (whose anomaly time series is displayed in Figure 4a ) ranges only from 16.9 • -17.2 • S at 25 m, with a standard deviation of 0.09 • , this 0.14 • difference in position between both periods is considerable. The time series in Figure 4a ,b provide the LM-perspective, which evidences the occurrence of a southern (northern) SBL during the MCA (LIA) both near the surface, at 25 m, and at 100 m.
The SST MCA-anomalies shown in Figure 1a reflect this intensification of the AMOC upper limb at this portion: as more warm waters were being transported northward, the BeC-northern sSEC path along the subtropical gyre was marked with greater positive-SST anomalies. In other words, this northwestward, hook-like extension of the positive-SST anomalies agreed with the northward intensification of the flow off the SA coast and southerly SBL position during the MCA as opposed to the LIA.
When looking at the time series of the westward sSEC transport between 9.5 • -24.5 • S across 30 • W, according to Stramma [63] (Figure 4c , herein referred to as "Total sSEC"), one can conclude that it did not change substantially between the MCA (mean 15.97 Sverdrups (Sv), 1 Sv = 10 6 m 3 s −1 ) and the LIA (mean 15.92 Sv). Only by the end of the LIA period, between 1600 and 1700, the transport anomaly fell further below the zero line (lowering the LIA-mean transport value), returning to a highly positive state right afterwards. Except for that episode, the westward transport anomalies fluctuated nearly around the zero line (±0.06 Sv standard deviation).
Even though the magnitude of the total westward SEC transport remained roughly the same between both the MCA and LIA periods, the zonal velocities varied differently across latitudinal bands within this 9.5 • -24.5 • S band, according to the different SEC branches (Figures 3b,d) . In these panels, the westward currents crossing the basin and the WBCs fed by those can be associated according to the banded anomalous flow pattern displayed. These regional patterns of the anomalous zonal velocities elucidated how the westward flow was meridionally distributed throughout the coast between the MCA and LIA, considering that the WBCs' meridional flows straddling the SBL have also a zonal component that follows the coastline orientation. Blue shading denotes negative anomalies, which means an intensification of the mean westward flow, while red shading denotes positive anomalies, which imply a weakening of the mean westward flow at the region.
The zonal band of UVEL anomalies between approximately 16.5 • S and 19.5 • S, which we refer to as southern sSEC, seemed to be related to the poleward flowing BC, in which both their anomalies assumed positive values in the MCA, suggesting a weakening of the southern sSEC-BC system, and negative values during the LIA, suggesting in turn an intensification of the system. This can be interpreted as a decrease (increase) of the SASG circulation in its northwestern boundary during the MCA (LIA). Note that the coastline causes the southward BC flow to continue in the westward direction, and this is why both these currents present anomalies of the same sign.
To the north, the zonal band of UVEL anomalies between approximately 9.5 • S and 15.5 • S is defined as the northern sSEC. This portion seems to be contributing directly to the NBUC. The northern sSEC-NBUC system appeared to be anomalously strong during the MCA and anomalously weak during the LIA. It should be noted that the NBUC transport assumes a northeastward orientation at this region due to the coastline. As a result, for the MCA (LIA), the negative (positive) anomalies of the northern sSEC fed into the positive (negative) zonal anomalies of the NBUC. This points to more (less) waters being directed towards the Equator and the Northern Hemisphere after the sSEC bifurcation during the MCA (LIA).
The regional patterns of the anomalous flow described above suggest an explanation of how the north-south sSEC distribution occurred between the NBUC and the BC with respect to the warm-MCA and cold-LIA periods. By entering the tropical system, north of 10 • S, the strong band of zonal anomalies observed between approximately 3.5 • S and 8.5 • S (i.e., the anomalous band straddling 5 • S) represents the inflow of the cSEC and possibly part of the eSEC to the western boundary. These override the NBUC north of ∼5 • S, from where it turns from an undercurrent to a surface intensified current: the North Brazil Current (NBC) [67] . Therefore, we suggest that the cSEC/eSEC anomalies are related to the NBC anomalies observed north of 3.5 • S. They were of opposing sign to the northern sSEC-NBUC anomalies, characterizing a weakened cSEC/eSEC-NBC system during the MCA and an intensified one during the LIA. Despite the opposing cSEC/eSEC-NBC anomalies with respect to the northern sSEC-NBUC anomalies, what mostly matters for this study is the division of interocean waters carried by the BeC-sSEC between the NBUC and BC circulation regimes. The cSEC actually derives from sSEC recirculation in part [68] and then joins the western boundary around 5 • S, transforming the NBUC in the surface-intensified NBC [69] . This suggests that the high-latitude interocean waters are essentially carried by the sSEC prior to feeding any of its branched systems (i.e., BC, NBUC, cSEC). North of the NBUC, the flow might independently be subject to other external forcings; regardless of that, it has already been sent to the north after the sSEC bifurcation.
We suggest that the band of anomalies south of the southern sSEC, between 20.5 • S and 24.5 • S, is contributing both to the BC and to interior recirculation. The southern sSEC was considered to be between 16.5 • and 19.5 • S based on the spatial distribution of its MCA/LIA anomalous signals across 30 • W, which correspond to the BC signal, in both the MCA and LIA cases. The distribution of the zonal flow along the coast based on the horizontal anomalies described in Figure 3 was further confirmed by obtaining the volume transport time series. Figure 5 displays the 850-1849 anomalous volume transport time series derived from the horizontal velocity field. The MCA (LIA) period is highlighted in red (blue). The time series from Figure 5a -f display an overall similar pattern, especially with respect to their anomalous MCA/LIA signal, supporting our hypothesis that the meridional flow at the western boundary is fed by specific portions of the westward flow coming across the basin. The near-equatorial cSEC/eSEC-NBC system was weaker during the MCA, whilst stronger during the LIA, as well as the southern sSEC-BC system; and the northern sSEC-NBUC system was in turn stronger during the MCA and weaker during the LIA. Table 1 lists the mean and standard deviation values of the SBL and the volume transports, for the LM, MCA, and LIA periods, corresponding to the time series in Figures 4 and 5 . Even though MCA-mean and LIA-mean magnitudes seemed quite similar, their associated anomalies had opposite directions in all cases, as shown in Figure 3b ,d. Table 1 . LM-mean and standard deviation (std) and MCA/LIA anomalies (MCA-anom., LIA-anom., with respect to the LM-mean) and std (relative to their 300-year intervals) corresponding to the SBL time series in Figure 4a ,b and the volume transport time series in Figures 4c and 5a-f . The total sSEC, cSEC/eSEC, northern sSEC, and southern sSEC transports are across 30 • W. Statistically-significant MCA/LIA anomalies are marked in bold, while non-significant ones appear in gray, according to 
Wind Stress Curl Field
The wind field distribution also confirmed the observed differences in the SAO circulation pattern between the MCA and LIA ( Figure 6 ). The wind stress is a driving agent of ocean currents, but it is the horizontal gradient rather than the absolute strength that mostly matters: the large-scale wind stress curl, which is, in general, the major forcing mechanism of the upper ocean [61, 70] . Positive, anticyclonic WSC provides the torque that drives the SASG circulation.
The WSC anomalies for the MCA are shown in Figure 6a . Predominantly negative anomalies at the region of positive WSC, south of the zero WSC line, pointed to a weakened subtropical gyre circulation. North of the zero WSC line, the negative anomalies suggested an intensification of the cyclonic circulation in the region, which is consistent with the strengthening of the northern sSEC, which feeds into the NBUC (Figures 3b and 5c,d) .
For the LIA, Figure 6b shows positive WSC anomalies roughly along the path of the SASG boundary currents (BeC-sSEC-BC-SAC), reinforcing the local positive WSC and strengthening the subtropical gyre circulation. North of the zero WSC line, the positive WSC anomalies relate to a weakened northern sSEC, instead. 
Discussion and Conclusions
The circulation pattern associated with the South Atlantic surface boundary current system was investigated for the LM, focusing on its response to the warm-MCA and the cold-LIA periods. We examined the along-coast distribution of the sSEC westward flow coming across the SAO basin and bifurcating between the downstream northern and southern circulation regimes. Through the simulation results from the CESM-LME experiment, signals in the SST field suggested a more persistent and far-reaching northward propagation of anomalies along the boundary currents' path during the MCA when compared to the LIA. The circulation field derived from the horizontal velocities revealed overall northward anomalies off the SA coast during the MCA, with increased northern sSEC and NBUC transports, and southward anomalies during the LIA, with increased southern sSEC and BC transports. The SBL accompanies these changes in WBCs transport, as these have an indirect relationship: during the MCA (LIA), the increased northward NBUC (southward BC) transport pushed the SBL to the south (north). Moreover, wind field anomalies indicated that the anticyclonic subtropical WSC, which drives the SASG circulation, was in general weaker during the MCA, while stronger during the LIA.
Together, these results yield a contrasting scenario between the LM-warm and -cold periods. While during the MCA, the flow arriving at the western boundary was preferably directed northward within the AMOC upper limb, during the LIA, a more vigorous SASG circulation was observed, with the increased southward transport.
The MCA/LIA circulation differences described here were in agreement with other large-scale changes reported in the literature for these anomalous periods. During the MCA, the increased northward-NBUC transport and southerly SBL related to studies that pointed to an enhanced AMOC [42] and northern Intertropical Convergence Zone (ITCZ) [71] ; while during the LIA, the increased southward-BC transport and northerly SBL provided compelling evidence for a weaker [44] and more saline [72] Gulf Stream, which acted to stabilize the North Atlantic Deep Water formation [73] [74] [75] , leading to a weakened AMOC [43] , with reduced heat transport and southerly ITCZ [71, 72] . The position of the ITCZ responds to meridionally-asymmetrical heating changes, shifting toward the warmer hemisphere [53, 76] , so that reduced northward surface heat transport cools the North Atlantic relative to the South Atlantic, resulting in increased surface pressure over the North Atlantic and a southward shift of the ITCZ [77] .
Even though one might intuitively expect a stronger AMOC taking place since the Twentieth Century warming, in analogy to the warm-MCA period, studies suggested that the AMOC has weakened substantially over the past decades [78] and even the past century, displaying a 1975-present decline trend that is unprecedented in the whole LM [79] . It has been suggested that this weakening occurred as an abrupt shift towards the end of the LIA or as a more gradual decline over the past 150 years [80] . The possible reasons why the AMOC has not swung back to usual warm-intensified conditions instead of continuing to decline after the LIA are still subject to investigation.
Mann et al. [19] , Juckes et al. [81] , and Ljungqvist et al. [82] agreed that in general, the warmest temperatures of the past millennium occurred around the 11th Century, and the coolest at some point during the 16th-19th Centuries. The MCA and LIA are well marked in proxy records, but reliable only for the Northern Hemisphere [19, 24, [81] [82] [83] [84] [85] . Therefore, there is much to be uncovered about the behavior of the Southern Hemisphere, in particular the South Atlantic Ocean, during these two climatic periods. Very little is known about the Southern Hemisphere climate in the LM, and still, the existing knowledge is over continental regions.
The LM was a stable period, and on average, the magnitude of variations was small. Actually, the coupled ocean response in the South Atlantic for the LM had no apparent trends, although it was sensitive to the warm and cold climate oscillations of the MCA and the LIA.
The western boundary current system off the SA coast is a key region for diagnosing variations of the AMOC and the SASG. Anomalies generated around the southern boundary of the SASG, for example, are advected equatorward through SAO boundary currents up to the SA coast, where the flow is then distributed between both of these circulation regimes. Therefore, the sSEC bifurcation region is a crucial point that separates the large-scale subtropical and meridional overturning circulations.
The AMOC sets the characteristics of the climate system at decadal and longer time scales through its heat and freshwater transports [86] , and the SAO provides the gateway by which the AMOC connects with the global ocean. In view of that, being able to associate past climate extremes with changes in SAO circulation pathways is necessary for improved understanding of the range of possible future climate changes at the basin-scale. As climate change extends far beyond the rise in global mean temperatures, the results presented here propose possible responses of the SAO surface boundary current system to abrupt climatic variations.
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